Cu,Zn superoxide dismutase from baker's yeast, Saccharomyces cerevisiae, is inactivated by either butanedione in borate buffer or phenylglyoxal. Inactivation by butanedione takes place only in the presence of borate, and butanedione-inactivation is reversed on removal of borate. Initial studies with phenylglyoxal suggested that inactivation is due to the modification of 0.5 arginyl residues per subunit, or 1.0 per active dimer, as determined by amino acid analysis after acid hydrolysis in 6 M-HCI. Subsequent studies revealed that this value is too low due to regeneration of free arginine during acid hydrolysis, and that inactiv~ition is actually due to modification of 1.0 arginyl residues per subunit. This latter value was determined by amino acid analysis after acid hydrolysis in the presence of thioglycolic acid, and confirmed by use of [14C]phenylglyoxal and by quantitative fluorescence analysis using 9,10-phenanthrenequinone. Contrary to the conclusions of a similar study on the bovine erythrocyte enzyme (MALINOWSKI and FRIDOVICH: Biochemistry, 18, 5909-5917 (1979)), the reactive arginine in the yeast enzyme appears to be essential for dismutase activity, since this enzyme can be > 99 % inactivated by treatment with phenylglyoxal.
INTRODUCTION
Superoxide dismutase catalyze the dismutafion of the superoxide radical, O2, by the following route:
O2 + O3 ~-2H +--*H202 + 02 [1] The class which has received the most study from a mechanistic point of view is the copperand zinc-containing enzyme from eucaryotes. These enzymes are dimers of molecular weight 32,000, and contain one Cu and one Zn per identical monomer (15) . The complete amino acid sequences of the enzymes from bovine erythrocytes (37) and Saccharomyces cerevisiae (17) have been reported, and the structure of the bovine enzyme has been determined to 3 A resolution by X-ray crystallography (29, 30) .
The active site of the bovine enzyme contains the copper and zinc separated by approximately 6 A (29, 30) , and the copper has been shown to function in the dismutation process by alternate oxidation and reduction on successive encounters with the superoxide radical (18) . This enzyme has also been subject to investigation by a variety of physico-chemical methods, most of which utilize the intrinsic probe properties of the Cu(II) (10) .
Previous studies have attempted to clarify the role of various amino acid residues in the catalytic activity of bovine Cu,Zn superoxide dismutase. X-ray crystallography has shown that six histidyl and one aspartyl residue serve as ligands to the Cu and Zn ions (29, 30) , and the essentiality of histidines has also been demonstrated by chemical modification studies (7, 13, 16, 38) . Chemical modification studies have shown that neither lysyl (29) nor aromatic (I 2) residues play a critical role in the activity of this enzyme. Very recently is has been shown that the bovine enzyme contains one arginyl residue, likely arg-141, which is necessary for maximum catalytic efficiency (21) . In the present paper it is reported that the Cu,Zn superoxide dismutase from baker's yeast, Saccharomyces cerevisiae, is also inactivated by modification of one arginyl residue per subunit.
MATERIALS AND METHODS
Yeast Cu,Zn superoxide dismutase was isolated as described by P~E~En et al. (26) . Phenylglyoxal monohydrate was purchased from EGA, Steinheirn, West Germany, 2,3-butanedione from Fluka AG, Buchs, Switzerland and pyrogallol from E. Merck, Darmstadt, West Germany. 9, I 0-Phenanthrenequinone was from Koch-Light Labs, Colnbrook, England and was recrystallized from 95 % ethanol before use.
[t4C]phenylglyoxal, with a specific activity of 71.3 l~Ci-mmole -1, was generous gift of K.L. Cipollo. All other chemicals were reagent grade.
Superoxide dismutase activity was determined at 25 ~ by the ability of the protein to inhibit the autooxidation of pyrogallol at pH 8.20 (22) . A unit of enzyme is defined as the amount of enzyme which inhibits the rate of autooxidation by 50% in the standard assay volume. The native yeast superoxide dismutase typically exhibit an activity of 9,000 units.mg -I, such that 290 ng of protein gave 50% inhibition in a total volume of 2.60 ml under the standard assay conditions.
Chemical modifications of yeast Cu,Zn superoxide dismutase were carried out at 25 ~ under the conditions given in the figure and table legends. All modifications were initiated by addition of an aliquot of a freshly prepared stock solution of modifying reagent in the appropriate buffer to a solution of enzyme in the same buffer. Superoxide dismutase activity was determined at various time intervals after addition of the modifying reagent. Samples to be assayed were first diluted into an appropriate amount of the same buffer so that a 10 pl aliquot had sufficient activity to inhibit the pyrogallol autooxidation by approximately 50%. Blanks for pyrogallol autooxidation were always determined using an identical volume of the same buffer without enzyme. The a-dicarbonyl reagents were found not to affect the enzyme assay at the concentrations used in the experiments.
Protein concentrations were determined by quantitative amino acid analyses of duplicate samples after hydrolysis in evacuated, sealed ampules with 6 m-HC1 at 110 ~ for 20 hours. Analyses were made with a Durrum D-500 amino acid analyzer.
The modification of specific amino acid residues of yeast Cu,Zn superoxide dismutase by phenylglyoxal was determined by amino acid analysis after acid hydrolysis. Aliquots of the reaction mixtures were separated from excess reagent by gel filtration on a column (0.9 x 23 cm) of Sephadex G-25 equilibrated with either 25 mM-phosphate, pH 7.0, or 20 mm-Bicine • 0.2 m-NaCl, pH 8.3. Fractions containing protein were immediately diluted and assayed six times for superoxide dismutase activity, twice each for three separate protein dilutions, and duplicate aliquots were added to an equal volume of 12 M-HC1 + 2 96 thioglycolic acid, sealed under vacuum, and hydrolyzed at 110 ~ for 20 hours. Analyses were performed on a Durrum D-500 amino acid analyzer.
Modification of superoxide dismutase with [14C]phenylglyoxal was monitored by 14C incorporation and amino acid analysis. Aliquots of the reaction mixture were separated from excess reagent by Sephadex G-25 chromatography. Protein fractions were immediately assayed for enzyme activity and duplicate aliquotes were diluted into 4 ml Dimilume-30 (Packard) and radioactivity determined using a Packard Tri-Carb liquid scintillation counter. Additional duplicate aliquots were subjected to hydrolysis in 6 M-HC1 • 1% thioglycolic acid as described above to determine protein concentration and the extent of arginine modification.
Quantitative fluorescence analysis of arginine in native and phenylglyoxal-modified superoxide dismutases was carried out by modification of the procedure of SMITH and MACQuARRIE (34) . The concentration of the 9, I 0-phenanthrenequinone reagent used was 250 ~M, and samples were incubated at 60 ~ for 2 hours before the addition of the final acid reagent. Fluorescence was determined on a Jasco FP-550 spectrofluorometer, using an excitation wavelength of 312 nm and an emission wavelength of 395 nm, with 5nm slidtwidths in each case.
RESULTS

Inactivation by butanedione
Yeast Cu,Zn superoxide dismutase is inactivated by butanedione in borate buffer. The inactivation by 10 mM-butonedione in 50 mMborate, pH 8.3, proceeds with a half-life of 26 minutes ( Figure 1 ). The kinetics of inactivation are apparent first-order in butanedione over the range of concentrations used, with an overall second-order rate constant for inactivation of 5.2 M-~min-L One feature of the modification of essential arginyl residues in enzymes by butanedione is that modification is enhanced by borate buffer, while a second is that modification is reversible on removal of excess borate (2-5, 31, 32) . The inactivation of yeast Cu,Zn superoxide dismu- tase by butanedione is critically dependent on the presence of borate. Under conditions where the activity is reduced to 14 % of the control by 10 mM-butanedione in 50 mu-borate, pH 8.3, 100 % activity remains if the borate is replaced by Bicine. Inactivation of yeast superoxide dismutase is also reversible. When the enzyme is modified to 20% of the control activity by butanedione-borate, gel filtered through a Sephadex G-25 column equilibrated with 50 raMborate, pH 8.3, to remove excess butanedione, and then dialyzed at 4 ~ against 25 mMphosphate, pH 7.0, activity slowly increases. Dialysis for 4 hours increases the activity to 85 % of the control, while after 21 hours the enzyme is fully active. These data strongly suggest that optimal activity of yeast Cu,Zn superoxide dismutase is dependent on the integrity of specific arginyl residues.
Inactivation by phenylglyoxal
The Cu,Zn superoxide dismutase from yeast is also inactivated by phenylglyoxal, with the time course for inactivation dependent on the concentration of reagent used (Figure 2) . At pH 8.3, under otherwise identical conditions, the rate of inactivation is more rapid when the reaction is carried out in 100 mM-NaHCO3 (Figure 2A ) than when 50 mM-Bicine is used as buffer ( Figure 2B ). Semi-log plots of residual activity vs. time are linear in bicarbonate buffer, but not in Bicine. In 100 mM-NaHCO3 the kinetics of inactivation are apparent first-order in phenylglyoxal over the range of concentrations employed, with an overall second-order rate constant for inactivation of 2.8 M-tmin-l. The known selectivity of phenylglyoxal for the modification of arginine (39) , as well as the observed enhancement of the inactivation by bicarbonate (8) , again suggest that arginyl residues are essential for yeast Cu,Zn superoxide dismutase activity.
Correlation of inactivation with the number of arginyl residues modified by phenylglyoxai
Phenylglyoxal normally reacts with the guanidino group of arginine with formation of a 2: I adduct (39), although a 1:1 adduct has also been observed (2) . These adducts have been found to be stable to the conditions of acid hydrolysis with 6 M-HC1, and many investigations using phenylglyoxal have determined the number arginyl residues modified by the reagent by the decrease in total arginine after acid hydrolysis.
When yeast Cu,Zn superoxide dismutase is modified by phenylglyoxal, the number of arginine decreases progressively with increasing inactivation, while all other amino acid residues remain unchanged. Initial experiments strongly suggested that complete inactivation correlates with the modification of approximately 0.5 arginyl residues per subunit, or one per dimer (Figure 3 ). These data, obtained after acid hydrolysis of inactivated enzyme in the absence of antioxidant, represent five separate experiments. They were especially interesting in light of a mechanism involving half-the-sites reactivity which has been proposed for superoxide dismutase (I 1).
This value of 0.5 arginines per subunit differs from the approximately one arginine per subunit recently reported for the bovine erythrocyte enzyme (21) . Further experiments were conducted to determine if the yeast enzyme behaves differently from the bovine enzyme, or whether the discrepancy might be due to different analytical procedures involved. The presence of
>o 5r - The enzyme, 78-156 laM was incubated with l0 mM-phenylglyoxal in 100 mM-sodium bicarbonate, pH 8.3, and aliquots were withdrawn periodically and subjected to gel filtration and subsequent analyses as described in the text. The number of argirdnes per subunit modified were determined by the decrease in total arginine as determined by amino acid analysis after acid hydrolysis in the ansence of thioglycolic acid. The data are from a total of five experiments, with each different experiment represented by its own different data symbol. The enzyme, 156 pM, was incubated with 6 mM [14C]phenylglyoxal in 50 mM-Bicine, 100 mM-sodium bicarbonate, pH 8.3, and aliquots were withdrawn periodically and subjected to gel filtration and subsequent analyses as described in the text. The number of arginines per subunit modified were determined by the decrease in total arginine as determined by amino acid analyses after acid hydrolyses in the absence ( 9 or presence ( 9 of 1% thioglycolic acid. thioglycolic acid during acid hydrolysis has been reported to prevent the regeneration of free arginine from the cyclohexanedione-arginine adduct (25) . Indeed, preliminary experiments with the yeast enzyme in which thioglycolic acid was included into the hydrolyses suggested that inactivation of the yeast enzyme by phenylglyoxal was due to the modification of approximately one arginine per subunit.
The (Figure 4) , which corresponds to 1.1 arginines per subunit if one assumes a phenylglyoxaharginine stoichiometry of 2:1. If the same samples are subjected to acid hydrolysis in the presence of thioglycolic acid, inactivation correlates with the modification of 1.0 arginyl residues per subunit, while hydrolysis in the absence of thioglycolic acid again suggests that only 0.5 arginines per subunit need to be modified to obtain complete inactivation. The correspondence of the t4C incorporation with amino acid analysis in the presence of thioglycolic acid strongly suggests that one arginyl residue per subunit must be modified for complete inactivation. Apparently, in the absence of thioglycolic acid some of the phenylglyoxal-arginine adduct is destroyed with the regeneration of free arginine, and subsequent analysis suggests a lower degree of arginine modification than actually occurs. Thioglycolic acid prevents this arginine-regenerating process.
When native and phenylglyoxal-modified superoxide diamutases are subjected to quantitative fluorescence analysis with 9,10-phenanthrenequinone, the data again suggest that inactivation ayeast Cu,Zn superoxide dismutase, 0.16 mM, was reacted with 10 mM-phenylglyoxal in 100 mM-NaHCO3, pH 8.3. At appropriate time intervals, aliquots were subjected to gel filtration, amino acid analyses, activity assays, and quantitative analysis with 9,10-phenanthrenequinone as described in the text, and compared to a control subjected to identical conditions but in the absence of phenylglyoxal. bData are based on 4.00 arginines per subunit for the native enzyme, (17) . Each number represents the mean of quadruplicate analyses • one standard deviation.
is due to the modification of approximately one arginyl residue per subunit. Thus, a sample which has lost 56 % of its activity is found to have lost 0.66 arginines per subunit, while one which is 80 96 inactivated has 0.84 arginines per subunit modified (Table I) . It should be pointed out that no extensive study of the suitability of the 9,10-phenanthrenequinone procedure for the analysis of arginine modification in proteins was conducted here. However, the agreement between the results reported in Table I and the results obtained by acid hydrolysis in the presence of thioglycolic acid, as well as the use of [t 4C] phenylglyoxal, suggest that the phenanthrenequinone procedure is a useful one. Further studies on the general applicability of this procedure to studies of essential arginyl residues in enzymes would seem warranted.
DISCUSSION
Recent studies have suggested roles for various amino acid residues at the active site of Cu,Zn superoxide dismutases. X-ray crystallography has shown that each Cu in the bovine enzyme has histidines-44, -46, and -i 18 as ligands, while the Zn atoms are ligated by his-67, his-78, and asp-81 (29, 30) . The residues are conserved in the yeast enzyme (17) , and are very likely to play identical roles therein. It has also been reported that the Cu and Zn in the bovine enzyme are bridged by his-61 (29, 30) , although a later report suggests that it would be difficult to fit the electron density map to a model in which the Cu and Zn are bonded end-on to the two nitrogen atoms of the imidazole ring (28) . His-61 is also conserved in the yeast superoxide dismutase, and recent studies strongly suggest that this histidine does not act as a bridging ligand for Cu and Zn in this enzyme (1, 9) .
Chemical modification is a powerful tool to the determination of amino acid residues involved at enzyme active sites (23) . A role for histidine in Cu,Zn superoxide dismutase has also been demonstrated by chemical modification sttidies (7, 13, 16, 38) . Similar studies have ruled out the involvement of aromatic side-chains in superoxide dismutase activity (12) , and have made it unlikely that lysyl residues play a critical role (20) . MALINOWSKI and FRIDOWCH have very recently shown that the bovine enzyme is inactivated by the modification of approximately one arginyl residue per subunit with several diffent arginine-specific reagents, They reported that arginine reagents also inactivate several other vertebrate Cu,Zn superoxide dismutases, as well as one from wheat germ (21) .
We report here that the enzyme from Saccharomyces cerevisiae is also inactivated by butanedione in borate buffer (Figure 1 ) and by phenylglyoxal (Figure 2 ). When these data are coupled with the observations that inactivation by butanedione is dependent on the presence of borate and reversible on the removal of borate, they strongly suggest that the Cu,Zn superoxide dismutase from yeast has essential arginyl residues.
Our initial studies with phenylglyoxal suggested that the inactivation of the yeast enzyme correlated with the modification of only 0.5 arginyl residues per subunit, or one per active dimer ( Figure 3 ). It appeared that this might reflect a proposed (11) half-the-sites reactivity for the Cu,Zn enzyme. Ample precedent exists for enzymes being completely inactivated by chemical modification of only half the catalytic sites, a notable case being the half-the-sites reactivity of glyceraldehyde-3-phosphate dehydrogenase on modification of the essential cysteine residues (36) .
Further studies revealed, however, that inactivation of the yeast enzyme by phenylglyoxal was actually due to the modification of one arginine per subunit, and that the previously determined value of 0.5 was due to the decomposition of the phenylglyoxal:arginine adduct during acid hydrolysis to regenerate free arginine (Figure 4) . Why does this adduct decompose to regenerate arginine in yeast superoxide dismutase when it fails to do so in almost every other case reported? A likely explanation is that the metal atoms play a role in this process. Since similar problems have not been observed with metalloenzymes containing only zinc, i.e., alcohol dehydrogenase (19) , the copper atom is likely involved. We have no explanation of why MAUNOWSKI and FRIDOWCH did not encounter this problem with the bovine erythrocyte superoxide dismutase, the only other Cu-containing enzyme to be investigated with arginine-specific reagents. They used 0.1 96 phenol in their protocol for acid hydrolysis, but we found no difference in values obtained in the absence and presence of 0.1% phenol for the yeast enzyme. Our studies should serve as a caution, however, to future investigations of Cucontaining enzymes.
MAUNOWSKI and FmDOVtCH reported that the bovine enzyme can be inactivated only to a limit of approximately 10 % residual activity (21) . However, our studies reveal that inactivation of the yeast enzyme is a first-order process for more than 4 half-lives (Figure 2A) . We have also seen that reaction of the yeast enzyme with 10 muphenylglyoxal in 100 mM-sodium bicarbonate, pH 8. It has become apparent in recent years that arginyl residues play a very general role as positively charged binding sites for anions at enzyme active sites (32, 33) . It has been suggested that the essential arginine in Cu,Zn superoxide dismutase may play such a role in fixing O3 near the catalytically active Cu center (21) . This possibility is enhanced by our observation that only 1.0 arginine per subunit of the yeast enzyme need be modified for nearly complete inactivation, for essential arginyl residues involved in anion binding sites in enzymes are very often selectively modified by argininespecific reagents (2, 6, 27) .
A less likely possibility is that the essential arginyl residue is directly involved in a protontransfer step which facilitates the process by which H202 is generated from 03. Is has been pointed out (32) that the positively charged quanidinium group of arginine is not ideally suited for proton transfer, since it is only very weakly acidic, and other types of amino acid residues would appear to better serve as proton donors. However, recent evidence has suggested that arginyl residues may be involved in membrane-bound proton-translocating systems (24, 35) , and it is possible that arginyl residues are involved in a general way in protonconducting systems much like the general role it is now recognized to play as anion binding sites in proteins.
We concur with the conclusion of MAUNOW- [2] would have greater need for a positively changed arginyl residue than reaction [3] should arginine play the role of an anion binding site. Also, arginine would facilitate only process [2] should it play the role of proton donor, since reaction [3] does not require protons.
02 + Cu(II) --} O2 + Cu(I) [3] It would be entirely possible, as previously suggested (21) that the essential arginyl residue could play both roles simultaneously, as shown in Figure 5 . The positively changed arginyl residue could serve to bind O2 in the proximity of Cu(I), as shown in step I. The combination of steps 2 and 3 involves simultaneous electron and proton transfer to give HOT, Cu(II), and the flee base of the guanidine moiety. It is most likely that this overall reaction takes place as a single step, and that structure A represents a transition state or potential energy barrier. By this sequence the energetically unfavoured formation of 022-is completely avoided. This process is then completed when the guanidine free base and the HO2 are protonated, both protons likely coming from solvent, and the system is now ready to catalyze reaction [3] , the other step in the dismutation process.
